Introduction
In the subsurface of a bed formation, the true bed thickness can be estimated from information gathered from well logs such as the dipmeter and borehole images. The log thickness of a given stratigraphic interval can be thicker, equal to or thinner than that seen in a vertical well drilled through the same stratigraphic section because of well deviation and formation dip. Provided bed dips and well deviations do not exceed a few degrees, the simple verticalhorizontal case is approximated closely enough by the logs. But when deviations and dips do exceed about 10°, corrections are needed. A previous method of corrections is based on the monoclinal bed model. But this assumption is approximate, because the tectonic events generally cause the beds to be not only tilted, but also folded.
True bed thickness is important in dipping beds and in deviated holes, since reservoir volume and isochore maps depend on these properties and not on the measured thickness. In this paper, a folded bed model is proposed to calculate the true bed thickness in the subsurface utilizing well log data.
Abstract
The true bed thickness (t) is the actual thickness of a given formation perpendicular to the bedding plane. The value of t depends on the angle and the direction of the dip of the measured formation, as well as the drift angle and azimuth of the borehole. The traditional methods to calculate the parameter t consider only the case of monoclinal beds but not the case of a folded bed, which will cause deviations when the bed dip on the top is different from that on the bottom. To avoid these deviations, this paper shows an approach to calculate the values of t using a folded bed model. The deviations for the monoclinal bed model are positively related to the bed dip, the dip difference and the deviated angle of the wells. A case study from the Cantarell oil field complex in the southern Gulf of Mexico (offshore Campeche) is used to test the folded bed method. The results indicate that this model can yield more uniform spatial change of the values of t, whereas the monoclinal bed model will overestimate the average value of t. Compared to the folded bed model, the maximum relative deviation of t from the monoclinal bed model reaches 22.3% and the maximum absolute deviation of t reaches 34.5 m.
Calculation of the Value of t in the Case of Monoclinal Bed
First, the case of a monoclinal bed is reviewed here. Figure 1a shows the case of a vertical well crossing a monoclinal bed. If the well enters the top of the bed at A, and leaves the base of the bed at B, the depth difference between A and B is defined as h d . The true bed thickness of the bed (t) can be expressed as: Figure 1b shows the case of a well deviated at an angle α from the vertical crossing a monoclinal bed. In this case, the vertical depth difference between A and B is h d = AC, which is not equal to the distance between A and B. The true bed thickness is t 2 = BD. The distance between A and B is h d /cosα. Assuming that both the bed azimuth and the well azimuth are the same, the values of t can be calculated from the following equation: If the dip direction on the top of the bed is not the same as the well azimuth, the value of α needs to be corrected. The apparent deviation angle (α') in the dip direction of the bed can be calculated by: where γ is the intersection angle between the strike of the top surface of the bed and the well azimuth. Note that the value of α' is negative when γ = 90 -270°. Thus this equation can be applied to the following model in the case of deviated wells.
Calculation of the Values of t for Folded Bed
As shown in Figure 1 , it is assumed that the bed dip is the same at the point where the well enters the bed (β 1 ) as it is when the well leaves the bed (β 2 ). However, usually β 1 is not equal to β 2 in the case of flexed and folded beds, even if the well azimuth is the same as the bed dip direction. There are many types of folds in nature. Nevertheless, for most reservoirs with no severe plastic deformation or rheomorphic folding, a flexed or folded bed can be simply assumed to be a concentric parallel fold in a cross section. Under this assumption, for the folded bed model, the cases of a vertical well and a deviated well should be considered separately to calculate the values of t.
The case of a vertical well is shown in Figure 2a , in which AB = h d . For the isosceles triangle OBD, the relationship ∠ODB = 90° -(β 2 -β 1 )/2 can be obtained. Then, it can be calculated that ∠ADB = 90° + (β 2 -β 1 )/2 and ∠ABD = 90° -(β 2 + β 1 )/2. For the triangle ADB, the true bed thickness can be estimated according to the Law of Sines: Figure 2b illustrates the case of a deviated well with a deviation α from the vertical, crossing a fold in which the depth difference is AE = h d . In this case, the bed azimuth and the well azimuth are assumed to be the same. For the isosceles triangle OBD, the relationship ∠ODB = 90° -(β 2 -β 1 )/2 can be obtained. Thus, it can be determined that ∠ADB = 90° + (β 2 -β 1 )/2 and ∠ABD = 90° -((β 2 + β 1 )/2 + α). For the triangle ADB, according to the Law of Sines, the value of t can be estimated by: The above calculation is based on the assumption that the bed dip direction and the well azimuth are the same. If the dip direction in the top of the bed has a certain intersection angle with the well az imuth, the apparent well deviation α' can be calculated from Equation (3).
Comparison of the Values of t Estimated from the Monoclinal and Folded Bed Models
In order to understand the parameters that influence the values of t between the two models, we define the absolute deviation (D) and the relative deviation (μ) of the value of t for the monoclinal bed model by the following equations. In the case of vertical wells, the absolute deviation is written as: (6) whereas, the relative deviation is written as: In the case of deviated wells, the absolute deviation can be calculated as: whereas, the relative deviation is written as: Three parameters control the values of D and μ including: the bedding dip (β 1 ), the dip difference between the top and base of the bed and the deviated angle of wells. The following discusses in detail these three parameters, respectively.
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1. The value of β 1 is positively related to the relative deviation μ 2 for the monoclinal bed model (Figure 3a) . This implies that a high bed dip for the monoclinal bed model will cause a large deviation of the value of t. Therefore, it is better to use the folded model. As can be seen from Figures 3b and 3c, the depth difference h d does not influence the relative deviation μ 2 , although it affects the absolute deviation D 2 . 2. Figure 4 (Figures 4a and 4c) . As can be seen in Figure 4d , when 0° < (β 2 -β 1 ) < 10° and 0° < α < 30° for the given value β 1 = 15°, the value of μ 2 is less than 10% (Figure 4d ). The deviation angle of the well strongly influences the value of μ 2 . When 0° < α < 30°, the relationship between μ 2 and (β 2 -β 1 )
is nearly linear; when α > 30°, the relationship between μ 2 and (β 2 -β 1 ) is evidently non-linear. 3. Both the absolute deviation (D 2 ) and relative deviation (μ 2 ) are positively related to the deviated angle (α) of wells ( Figure 5 ). However, the influence on the values of D 2 and μ 2 in the case of α > 0° is stronger than that in the case of α < 0°, because the area of μ 2 > 10% is much larger than that of μ 2 < -10% (Figure 5b ). Figure 5 shows that when β 1 = 15°, the point where D 2 = 0 and μ 2 = 0, corresponds to that of α = -15° (Figures 5a and 5b) . This indicates that when the well is perpendicular to the bed surface (α = β 1 ), there is no deviation between the two models.
Application to the Cantarell Oil Field
The folded model was tested for the Cantarell Oil Field in the southern Gulf of Mexico (offshore Campeche). Previous studies have been published regarding the structural features of the Cantarell Oil Field. Recent interpretations of geophysical data suggested that Cantarell is a fold-thrust belt and duplex structure. The axis of the fold is about NW 300°. The fold is a SE-plunging normal fold and plunges to southeast. The stratigraphy in this oil field includes: Callovian salt, Oxfordian siliciclastics and evaporates, Kimmeridgian dolostones and terrigenous rocks, Tithonian silty and bituminous limestone, Cretaceous dolostone and dolomitized breccias in the Cretaceous/ Tertiary boundary and Lower Paleocene. The Tertiary system includes shale, sandstone and carbonate rocks. The Cretaceous/ Tertiary boundary dolomitized breccias (BKT) are selected to test the folded model. The attitudes of the top and bottom of this unit were obtained from structure contour maps. The stratigraphic depth data of the wells were obtained from PEMEX. One hundred and sixty-one deviated wells and 23 vertical wells were used to calculate the true bed thickness. The average dip of BKT is 17.3° at the top and 17.9° at the base ( Table  1) . The largest deviated angle of the deviated wells is 70.8°. The average deviated angle of the deviated wells is 32.3°. The largest bed dip difference between the top and base for the deviated wells is 29.7°. The average bed dip difference for the deviated wells is 5.8°.
The following results were obtained by comparing the monoclinal bed model and the folded model.
1. The values of t for the folded bed model can be larger, equal to or less than those for the monoclinal bed model ( Figure 6 ).
The average value of the true bed thickness for the folded bed model is less than that for the monoclinal bed model in both vertical and deviated wells (Tables 1 and 2 ). These results mean that, in general, the monoclinal bed model will overestimate the true bed thickness. 2. The average value of t d (t d = t 3 -t 1 ort 4 -t 2 ) for the deviated wells is not large (6 m), whereas the average relative value of t is only 2.4%. This small value is produced by two facts. One, is that the average value of β d is small (5.8°). 3. The other is that most deviated angles of the wells are in the range of -10% < μ < 10% when the average value of Table 1 ) is also not larger than that for the vertical wells (2.4% in Table 2 ). These results indicate that the vertical wells do not cause the minimum deviations, which is consistent with the explanations in Figures 5a and 7b. 6. In all cases, the standard deviation of the true bed thickness for the folded bed model (δ c ) is less than that for the monoclinal bed model (δ i ) as seen in Tables 1 and 2 . This result implies that the change of the bed thickness obtained from the folded bed model changes less than that from the monoclinal bed model. In other words, the folded model works better than the monoclinal model for this example. 7. In general, the form of contour lines in the isochores are similar between the monoclinal bed model and the folded model (Figures 8 and 9 ). However, there are some local differences in the isochores between the two models. For example, near point A, the area larger than the contour line 450 m for the monoclinal bed model is much larger than that for the folded bed model. Near point B, the contour line 250 m is closed in Figure 8 , but it is not closed in Figure 9 .
Conclusions
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